SUMMARY
INTRODUCTION
At any time, the Ca 2+ concentration ([Ca 2+ ]) within presynaptic terminals is a function of the complex interplay between events driving Ca 2+ elevation and Ca 2+ sequestration. Presynaptic Ca 2+ elevation, which may occur due to depolarization-induced opening of voltage-gated Ca 2+ channels (VGCCs), triggers SV exocytosis (Catterall, 2000) . While VGCCs are closed, the resting [Ca 2+ ] is insufficient to trigger SV release but influences SV release probability and sculpts the spatiotemporal dynamics of synaptic transmission (Awatramani et al., 2005; Zucker and Regehr, 2002) . However, whether resting [Ca 2+ ] is involved in other aspects of presynaptic function and whether specific nonexcitatory channels set the resting [Ca 2+ ] remain unknown. We sought to evaluate the synaptic function of Ca 2+ channels belonging to the transient receptor potential (TRP) superfamily, which are voltage-independent channels that regulate diverse neuronal pathways (Venkatachalam and Montell, 2007) . However, the biggest hurdle to evaluating the role of TRP channels in synapse development and function is the extent of functional redundancy between the different vertebrate TRP genes (Venkatachalam and Montell, 2007) . This problem can be overcome by using Drosophila, because flies express only 13 TRP genes compared to the 27 in vertebrates (Venkatachalam and Montell, 2007) . Moreover, loss-of-function mutations in all 13 Drosophila TRP genes are available (Fowler and Montell, 2013) . We found that loss-of-function mutations in a Drosophila TRPV channel gene, inactive (iav) (Gong et al., 2004) , result in decreased synaptic growth and diminished neurotransmission. Our results indicate that Iav functions in motor neurons (MNs) to regulate ER Ca 2+ release and is required for maintaining presynaptic resting [Ca 2+ ], which is essential for microtubule stability, synaptic growth, and SV release probability.
RESULTS

Inactive Is Required for Synapse Growth and Morphology
We determined the number of synaptic boutons at the Drosophila third-instar larval NMJs in wild-type and loss-of-function alleles of the TRP channel genes indicated in Table S1 (available online) using antibodies against horseradish peroxidase (HRP, which detects a carbohydrate moiety present on numerous neuronal glycoproteins; Snow et al., 1987) and Discs large (DLG, Drosophila ortholog of PSD-95; Cho et al., 1992) . Only the larvae lacking iav (Gong et al., 2004) exhibit fewer synaptic boutons (muscles 6/7), which are 2-fold larger than control boutons (Table  S1 ; Figures 1A , 1B, 1G, and 1I). The iav mutants (iav 1 ) also exhibit diminished bouton numbers at the NMJs on muscle 4 ( Figures  1D, 1E , and 1H). The alterations in bouton numbers and size are rescued by a genomic wild-type iav transgene (P[iav + ]) (Figures 1C, 1F, . The iav 1 /Df1, iav 1 /Df2, iav 3621 , and iav 1 /iav 3621 larvae (Gong et al., 2004 ) also show similar alterations in the bouton number and morphology ( Figure 1G ).
Iav Functions in Motor Neurons to Regulate NMJ Synapse Growth
To assess whether synaptic growth defects in iav 1 are due to a requirement for Iav in MNs, we first expressed an RNAi against iav (UAS-iav IR ) in MNs using the VGLUT ok371 -GAL4 (ok371-GAL4) driver. Expression of iav IR in wild-type MNs induces a significant decrease in NMJ bouton number-a phenotype not observed in the UAS/GAL4 controls ( Figure 1G ). Furthermore, expression of UAS-iav in the iav 1 MNs using two separate drivers, ok371-GAL4 and d42-GAL4, rescues the synaptic growth defects ( Figure 1J ). Iav is expressed in chordotonal neurons, where it is required for hearing (Gong et al., 2004) . However, we found that expression of UAS-iav in the iav 1 chordotonal organs using ato-Gal4
(iav 1 ; ato > iav) does not suppress the NMJ phenotype ( Figure 1J ).
Expression of iav in mutant muscles (iav
1
; mef2 > iav) also does not restore the bouton number in iav 1 ( Figure 1J ). These data indicate that Iav functions cell-autonomously in MNs to drive synaptic growth.
Human TRPV1, but neither Human TRPV4 nor Drosophila Nanchung, Rescues the iav 1 Synaptic Growth Phenotype Within the hTRPV channel subfamily (hTRPV1-6, 25%-27% identity and 39%-46% similarity with Iav), hTRPV1 and hTRPV4 are the most extensively studied channels (Caterina et al., 1999 (Caterina et al., , 2000 Gü ler et al., 2002; Watanabe et al., 2002) , whose activity can be manipulated by a host of pharmacological agents (Watanabe et al., 2002; Xia et al., 2011a Xia et al., , 2011b . Here, we asked whether expression of either hTRPV1 of hTRPV4 in iav 1 MNs would suppress the synaptic growth defects (see Figure S1 for a comparison of the amino acid sequences of Iav, hTRPV1, and hTRPV4 (A-C) Confocal images of larval NMJs from larvae of the indicated genotypes stained with antibodies against HRP (green) and DLG (magenta).
(D-F) Confocal images of larval NMJs from larvae of the indicated genotypes that were fed the indicated concentrations of capsazepine (CPZ) stained with antibodies against HRP (green) and DLG (magenta).
(G-I) Confocal images of NMJs from larvae of the indicated genotypes stained with antibodies against HRP (green) and DLG (magenta). Scale bar shown in (A) also applies to (B)-(I).
(J) Quantification of the NMJ bouton number in larvae of the indicated genotypes. *p = 5.2 3 10 À4 , one-way ANOVA, n = 9-12 NMJs per genotype.
(K and L) Quantification of the NMJ bouton numbers in larvae of the indicated genotypes that were fed the indicated concentrations of CPZ. The overall increased baseline of the bouton number in all the genotypes here was a result of raising the flies on instant food. In (K), *p = 10 À9 , one-way ANOVA, n = 14- Figure 2L ). In contrast, expression of neither hTRPV4 nor Drosophila Nanchung (Nan, the second TRPV gene in Drosophila; Kim et al., 2003) in the iav 1 MNs suppresses the synaptic growth defects ( Figure 2J ). The decrease in synaptic bouton number with a concomitant increase in bouton volume in iav 1 is reminiscent of the phenotype observed in larvae lacking genes such as wingless (Miech et al., 2008; Packard et al., 2002) , vapb (encoding Vesicle Associated Membrane Protein-B) (Nishimura et al., 2004; Pennetta et al., 2002) , futsch (the fly ortholog of the gene encoding mammalian microtubule associated protein-1b, MAP-1b) (Roos et al., 2000; Zhang et al., 2001) , and pp2A-B 0 (a subunit of the PP2A protein phosphatase) (Viquez et al., 2006) . Because diminished stability of presynaptic microtubules underlies the synaptic defects in these mutants, we assessed the structure of the presynaptic microtubules in iav 1 . First, we found that the number of the characteristic Futsch loops is reduced by $50% within iav 1 synapses compared to controls ( Figures 3A-3E ). Moreover, in Figure 3G ). However, microtubules appear fragmented in iav 1 boutons ( Figure 3H , arrows) further indicating that the presynaptic microtubules exhibit diminished stability at the iav 1 NMJs.
Diminished Calcineurin Activity Underlies the Synaptic Growth Defects in iav 1
The stability of presynaptic microtubules depends on the level and/or phosphorylation status of Futsch (Franco et al., 2004; Miech et al., 2008; Packard et al., 2002; Roos et al., 2000) (Figure 3I) . Thus, futsch-deficient larvae exhibit diminished bouton numbers and increased bouton size (Roos et al., 2000) -a phenotype similar to that observed in iav 1 . The Drosophila homolog of glycogen synthase kinase-3b (GSK-3b), Shaggy (Sgg), phosphorylates Futsch, causing the latter to dissociate from microtubules (Franco et al., 2004; Gö gel et al., 2006; Miech et al., 2008 ) ( Figure 3I ). Following the dissociation of Futsch, microtubules become destabilized and fragmented ( Figure 3I ), resulting in the formation of fewer boutons, which are increased in size (Franco et al., 2004; Miech et al., 2008) . The protein phosphatase, calcineurin, counteracts the kinase activity of GSK-3b by dephosphorylating microtubule-associated proteins, resulting in microtubule stabilization ( Figure 3I ) (Gong et al., 2000a (Gong et al., , 2000b . Because calcineurin is a Ca 2+ / calmodulin-activated protein phosphatase (Lynch and Michalak, 2003; Rinne et al., 2009) , we hypothesized that loss of Iav-dependent cytosolic Ca 2+ elevations may result in diminished calcineurin activity, which in turn may affect microtubule stability ( Figure 3I ). Indeed, knocking down Drosophila calcineurin (canA1) in wild-type MNs using two RNAi lines (UAScanA1 IR and UAS-canA1 FB5 ) (Dijkers and O'Farrell, 2007) results in decreased number of synaptic boutons compared to controls ( Figures 4A, 4B , 4O, S2A, S2B, and S2G). Furthermore, larvae that carried the canA1 loss-of-function allele (Nakai et al., 2011) in trans with a deficiency uncovering canA1 locus (canA1 -/Df-canA1 ) exhibit decreased bouton numbers compared to the canA1 À/+ heterozygotes ( Figures S2C, S2D , and S2G).
However, MN-specific knockdown of canA1 in iav 1 does not further decrease synaptic growth ( Figures 4C and 4O ), suggesting that canA1 and iav may function in a common pathway. Loss of CanA1 also results in an increase in bouton area ( Figure S2H ) and destabilization of presynaptic microtubules (Figures 4D and 4E ; white arrows in Figure 4E point to fragmented tubulin within boutons). These data indicate that presynaptic loss of calcineurin decreases synaptic growth, increases the size of the boutons, and causes presynaptic microtubule destabilization at the larval NMJ-phenotypes that bear striking resemblance to those displayed by iav 1 .
We also found that expression of a constitutively active CanA1, which does not require elevations in cytosolic Ca 2+ to be fully active (UAS-canA1 CA ; Dijkers and O'Farrell, 2007) Figure S2H ) and the number of Futsch loops within the NMJ boutons (Figures 4H-4K and 4Q) but does not affect the number of Futsch loops in wild-type animals ( Figure 4Q ). However, overexpression of CanA1 CA in the MNs of the futsch hypomorphs, futsch N94 (Roos et al., 2000) , does not suppress the observed synaptic growth deficits ( Figure S2I ). , a dominant-negative SERCA allele (Sanyal et al., 2005) (Figures 5D and 5J) . Knockdown of SERCA in MNs also results in an increase in the size of NMJ boutons ( Figure 5K )-morphological alterations reminiscent of the iav 1 synapses.
(L-N) Confocal images of NMJs from larvae of the indicated genotypes stained with antibodies against HRP (green) and DLG (magenta). Scale bar shown in (L) also applies to (M) and (N).
(O) Quantification of the NMJ bouton number in larvae of the indicated genotypes. *p = 4.2 3 10 À6 , one-way ANOVA, n = 12-16 NMJs per genotype.
(P) Quantification of the NMJ bouton number in larvae of the indicated genotypes. , one-way ANOVA (comparing the indicated data sets), n = 9-27 NMJs per genotype; #p = 1.3 3 10 À8 , one-way ANOVA (comparing the indicated data sets), n = 13-14 NMJs per genotype.
(K) Quantification of the relative bouton area in larvae of the indicated genotypes. *p = 6.4 3 10 À4 , unpaired Student's t test, n = 9-11 NMJs per genotype. #p = 6.2 3 10 À10 , unpaired Student's t test, n = 14-16 NMJs per genotype.
(L) Quantification of the NMJ bouton numbers in larvae of the indicated genotypes. *p = 3 3 10 À6 , unpaired Student's t test, n = 17-21 NMJs per genotype.
(M) Quantification of the relative ER Ca 2+ levels as assessed by fura-2 imaging in control N2A cells and in N2A cells overexpressing (overexp.) the indicated TRPV channel. *p = 3.4 3 10
À10
, unpaired Student's t test, n = 8-9 independent coverslips containing control or iav transfected cells (number of cells per field R 8). #p = 4 3 10 À5 , unpaired Student's t test, n = 8 independent coverslips containing control or TRPV1 transfected cells (number of cells per field R 10).
All values represent mean ± SEM. Abbreviations: WT, wild-type; n.s., not significant.
Neuron
A TRPV for NMJ Synapse Development and Function an RNAi against itpr (UAS-itpr IR ) using panneuronal or MN-specific drivers (elav > itpr IR and ok371 > itpr IR respectively) leads to reduced NMJ bouton numbers ( Figure 5J ). Importantly, none of these manipulations enhance the iav 1 synaptic phenotypes (Figures 5C , 5F, and 5J; n.s., p > 0.05, one-way ANOVA). We also asked whether promoting ER Ca 2+ release in iav 1 would suppress the synaptic growth defects. To promote ER Ca 2+ release we used the RyR 24D03 /+ flies that carry one extra copy of the RyR gene and exhibit elevated ER Ca 2+ release (Gao et al., 2013 (Chouhan et al., 2010) , we found that ER is distributed throughout the MN axons and is also located within some, but not all, of the synaptic boutons ( Figure 5H ; arrows indicate ER in distal boutons). Despite an obvious decrease in the total number of boutons, presynaptic KDEL-GFP distribution is largely unchanged in iav 1 compared to controls ( Figure 5I ; arrows indicate ER in distal boutons). Therefore, ER trafficking to the axon terminal is not significantly altered in iav 1 . 
Expression of channels that promote ER Ca
2+ release results in a partial depletion of the ER Ca 2+ stores in cultured cells (Wegierski et al., 2009 ). We evaluated whether Iav, TRPV1, and TRPV4 expression in Neuro2A (N2A) cells results in lower ER Ca 2+ levels. Expression of either Iav or TRPV1 in N2A cells results in an $50% decrease in ER Ca 2+ levels ( Figure 5M ). However, expression of TRPV4 does not affect the ER Ca 2+ content ( Figure 5M ).
Together, these data are consistent with a role for Iav and TRPV1 in regulating ER Ca 2+ release, which is essential for synaptic development.
Iav and hTRPV1, but Not hTRPV4, Localize to the ER Next, we sought to identify the subcellular distribution of Iav and TRPV1 in larval MNs. Although we could detect Iav in larval chordotonal organs using established antibodies (Gong et al., 2004) (Figure S3A ), we could not detect Iav in wild-type larval MNs using these antibodies. These findings are consistent with the difficulties in observing the native expression patterns of some Ca 2+ channels owing to their low expression levels (Ly et al., 2008; Venkatachalam et al., 2008) . Therefore, we evaluated whether Iav overexpression, which suppresses the iav 1 phenotypes, would reveal the protein's subcellular distribution. We found that overexpressed Iav colocalized with KDEL::GFP in MN cell bodies ( Figures 6A-6C ) and muscle (Figure S3B ). Using anti-TRPV1 antibodies (Tominaga et al., 1998) , we found that hTRPV1 also colocalizes with KDEL-GFP in the MN cell bodies (Figures 6D-6F ). In contrast, hTRPV4 overexpressed in MNs does not show overlap with KDEL-GFP (Figures 6G-6I , arrowheads point to hTRPV4 expression). Hence, both Iav and hTRPV1, which suppress the NMJ defects observed in iav 1 , are expressed in the ER, whereas hTRPV4, which does not suppress the iav 1 NMJ growth defects, is not localized to the ER. ] within presynaptic boutons, we expressed GCaMP5G (GCaMP) (Akerboom et al., 2012) linked via a 2A peptide (P2A) to tdTomato (tdT)-a Ca 2+ -insensitive fluorescent protein ( Figure 7A ) (Daniels et al., 2014) . The 2A peptide is cleaved by native endoproteases in Drosophila neurons (Inagaki et al., 2012) , leading to the separation of GCaMP5G from tdTomato-both of which are expressed at the NMJ ( Figure 7B ). Because the two fluorophores are translated as a single polypeptide, the levels of tdTomato can be used to normalize the levels of GCaMP5G. This ratiometric normalization is important for determining resting [Ca 2+ ], which does not involve the measurement of robust alterations from baseline. Our analysis revealed that the relative ratios of the GCaMP5G:tdTomato fluorescence intensities in WT and iav 1 are comparable when the recordings are performed in extracellular bath solution containing 1.5 mM [Ca 2+ ] ( Figure 7C ). However, when the bath [Ca 2+ ] over the same NMJs is dropped to 0.5 mM and 0 mM, the intensity ratios show a significant decline in iav 1 boutons ( Figure 7C ). Remarkably, the intensity ratio at WT NMJs does not change even after 9 min in a solution containing no Ca 2+ . These data indicate that the resting cytosolic [Ca 2+ ] at NMJ bouton terminals is sustained by release of Ca 2+ from intracellular stores and the ability of these stores to maintain presynaptic resting [Ca 2+ ] is compromised in iav 1 .
Loss of Iav Results in Diminished Synaptic Transmission and SV Release Probability
We hypothesized that owing to the critical roles of presynaptic Ca 2+ in SV release and synaptic transmission (Jahn and Fasshauer, 2012) NMJs compared to controls ( Figures 7D and 7E ). However, canA1-deficient NMJs, which also show a decrease in the number of synaptic boutons, do not exhibit a corresponding decrease in EJP amplitude ( Figure 7E ). Thus, although Iav regulates NMJ growth and morphology via calcineurin, Iav regulates synaptic transmission independent of calcineurin. We also found that the amplitude and frequency of spontaneous mini-EJPs (mEJPs) are unchanged in iav 1 (Figures S4A  and S4B) . Hence, the quantal content (EJP amplitude/mEJP amplitude), indicative of the number of SVs released per evoked event is $50% decreased in iav 1 ( Figure 7F ). Figures S5A-S5C ). Previous studies have found a third-to fourth-order dependence of neurotransmitter release upon [Ca 2+ ] ext , and this cooperativity is decreased in mutations affecting the levels of the SV Ca 2+ sensor, Synaptotagmin (Jan and Jan, 1976; Littleton et al., 1994) . The Ca 2+ cooperativity also reflects the number of VGCCs participating in the release of a single SV (Matveev et al., 2011) . We found that Ca 2+ cooperativity of neurotransmitter release in both controls and iav 1 larvae, as determined by the slopes of the double-logarithmic plots of quantal content and [Ca 2+ ] ext (Jan and Jan, 1976; Littleton et al., 1994) , remains unchanged ( Figure S4C ; slopes in control and iav 1 are 3.4 and 3.5, respectively). Taken with the lack of alterations in SV number or distribution in iav 1 , these data argue against a role for an exocytic block in the iav 1 neurotransmission defects. Cytosolic Ca 2+ concentration at axon terminals influences SV release probability, which can be evaluated using the pairedpulse ratio of evoked potentials (Zhang et al., 2009; Zucker and Regehr, 2002) . When the resting [Ca 2+ ] at a synapse is low, stimulus-induced elevation in presynaptic [Ca 2+ ] will induce the exocytosis of relatively fewer synaptic vesicles (SVs), resulting in a smaller evoked EJP. However, if a second stimulus, i.e., the paired pulse, is provided before the resting Ca 2+ returns to baseline, the presynaptic Ca 2+ will elevate sufficiently, leading to the exocytosis of the remaining SVs. Therefore, the higher the ratio of amplitudes of evoked responses following the first All values represent mean ± SEM. Abbreviations: WT, wild-type; n.s., not significant.
Neuron
A TRPV for NMJ Synapse Development and Function and second pulses, respectively (known as paired pulse facilitation), the lower is the probability of SV release, and vice versa. Consistent with the observation that the iav 1 NMJ synapses have reduced SV release probability, the paired-pulse ratio is increased by $50% at iav 1 NMJs (Figures 7H and 7I) . Expression of UAS-iav in the iav 1 MNs restores the SV release probability ( Figure 7I ).
Overexpression of Iav in Wild-Type MNs Results in
Increased SV Release Probability and Neurotransmission If Iav is a determinant of presynaptic resting Ca 2+ levels, raising its expression level may sensitize the synapse to releasing more SVs. Indeed, overexpression of iav in wild-type MNs leads to a $50% increase in EJP amplitude and quantal content (Figures 7J and 7K) . We also found that the elevation in EJP amplitudes following iav overexpression is a consequence of increased SV release probability as determined by a decrease in the pairedpulse ratio ( Figure 7L ). Interestingly, overexpression of iav in MNs also results in the formation of fewer synaptic boutons, indicating that the number of synaptic boutons at the larval NMJ exhibits a bell-shaped dependence on the expression levels of Iav ( Figure S5H ). We also found that overexpression of RyR or Itpr also leads to the formation of fewer synaptic boutons at the Drosophila NMJ (data not shown). Thus, the consequence of iav overexpression on the number of synaptic boutons is likely due to an increase in presynaptic Ca 2+ rather than a specific effect of Iav per se. However, overexpression of iav in the MNs does not lead to an increase in the total number of punctae formed by the active zone (AZ)-specific structural protein Bruchpilot (Brp) (Kittel et al., 2006) ( Figure S5I ; p = 0.4, unpaired Student's t test). Therefore, the increase in SV release following iav overexpression is a consequence of elevated resting Ca 2+ levels rather than due to alterations in the number of SV release sites. (Viquez et al., 2006 (Viquez et al., , 2009 . Because PP2A is Ca 2+ independent, these observations suggest that distinct signals can lead to similar alterations in NMJ synapse morphology via Futsch. The transcription factor nuclear factor of activated T cells (NFAT) is activated by calcineurin (Clipstone and Crabtree, 1992; Jain et al., 1993) . However, our findings suggest the iav 1 and calcineurin mutant phenotypes studied here are unlikely to be NFAT dependent, because NFAT knockouts display an increase in bouton number (Freeman et al., 2011) (Castro et al., 2009; Gallego-Sandín et al., 2009) ] in synaptic clefts can drop dramatically during bursts of synaptic transmission, thereby severely limiting Ca 2+ entry into the presynaptic termini (Borst and Sakmann, 1999; Egelman and Montague, 1999; Rabl and Thoreson, 2002; Rusakov and Fine, 2003; Stanley, 2000) . Although the synaptic cleft in a Drosophila NMJ is likely permeable to extracellular ions because these synapses are not tightly insulated by glial cells (Fuentes-Medel et al., 2009) (Peled and Isacoff, 2011) , and although both vapb and futsch mutants have fewer synaptic boutons, they exhibit elevated evoked synaptic transmission (Chai et al., 2008; Zhang et al., 2001) . ] Using tdTomato-P2A-GCaMP5G Third-instar larval fillets were prepared in ice-cold HL-3.1, which contained (in mM): 70 NaCl, 5 KCl, 1.5 CaCl 2 , 4 MgCl 2 , 10 NaHCO 3 , 5 trehelose, 115 sucrose, and 5 HEPES. A total of 7 mM L-glutamic acid was added to HL-3.1 to desensitize glutamate receptors and prevent muscle contraction during the course of experiment. The VNCs was severed from the dorsal brain lobes to prevent peristalsis. Dissected fillets were allowed to equilibrate to room temperature in HL3.1 containing 1.5 mM Ca 2+ for at least 15 min before imaging. Type 1b boutons on muscle M13 of abdominal segment A4 were brought to focus with a 1003 water-immersion objective on an Olympus BX51Wl microscope. Images were captured with an Andor Technology EMCCD camera (DU860) under the control of Ando IQ software. Subsequently, fluorescence signals were captured for tdTomato and for GCaMP5G. The bath solution was then exchanged to HL3.1 containing 0.5 mM CaCl 2 . Two minutes after bath exchange, fluorescence signals were captured at the same settings. Bath solution was then further exchanged to nominally Ca 2+ free HL3.1. Fluorescence signals were then captured again 2 min and 9 min after bath exchange. Recorded images were analyzed using Andor IQ software. Regions not containing an axon terminal and close to a region of interest (ROI) were selected as background. Average pixel intensity from the background regions was subtracted from that of ROI for each fluorescence channel.
DISCUSSION
Ca 2+ Imaging in N2A Cells
N2A cells were cultured in DMEM (Invitrogen) supplemented with 5% fetal bovine serum. Cells were transfected with TRPV cDNA or control vector using X-tremeGENE 9 DNA transfection reagent (Roche) at 1:4 DNA-to-reagent ratio according to the manufacturer's instructions. One day later, transfected cells were trypsinized and seeded onto poly-D-lysine-coated glass coverslips. Another day later, cells were loaded with 10 mM fura2-AM (Invitrogen) in culture medium for 30 min. The glass coverslips were mounted onto a chamber containing 500 ml of bath solution (125 mM NaCl, 5 mM KCl, 10 mM MgSO 4 , 10 mM KH 2 PO 4 , 1 mM CaCl 2 , 5.5 mM glucose, and 5 mM HEPES [pH 7.4]). Fura-2 signals, which represent cytosolic free [Ca 2+ ], were recorded by 340/380 nm excitation and 510 nm emission, using a TiE Wide-Field Fluorescence Imaging System (Nikon). The background-subtracted emission ratio (R 340/380 ) was measured and calculated by NIS Elements imaging software (Nikon).
To evaluate the total ER Ca 2+ content, we completely released the ER Ca 2+ stores using thapsigargin (TG) while simultaneously evaluating the resulting elevation in cytosolic Ca 2+ , which is indicative of the total ER Ca 2+ levels (Wegierski et al., 2009 ). Baseline fura-2 fluorescence was first acquired for 1 min, before replacing the bath solution with Ca 2+ -free bath solution. Three minutes after removing bath Ca 2+ , 5 mM TG was added to the bath, and the fluorescence images were recorded for another 6 min. The amplitude of the R 340/380 was taken to be the total ER Ca 2+ content of those cells. 
SUPPLEMENTAL INFORMATION
